lungen von der festen Phase auf die Schmelze über-trägt, letztlich nicht viel übrig bleibt für zusätzliche strukturelle Schwankungen.
Introduction
Electrons incident upon a crystal are scattered both elastically and inelastically within it. A study of those electrons which are inelastically scattered from phonons, that is the thermal diffuse scattered electrons, contributes to an understanding of the lattice dynamics of the crystal. Low-energy electrons penetrate the crystal only slightly and so a study of the thermal-diffuse-scattered electrons for these low incident energies would contribute to an understanding of the lattice dynamics near the crystal surface.
The most fruitful approach to this understanding is the proposal of a model of the lattice dynamics and then comparison of the theoretical predictions for this model with the experimentally measured results. In order to make this comparison, a knowledge of the scattering dynamics of the electron is needed. Some success in interpretation of experimental results has been achieved using pseudokinematical scattering ideas in which the electron is assumed to undergo only single inter-atomic scatterings within the crystal. On the other hand, there exists a body of experimental evidence 2 emphasizing the dynamical (multiple scattering) nature of the electron scattering. To estimate the extent to which a pseudokinematical approach may lead to a correct description of the scattering, a multiple scattering theory for the thermal diffuse scattering from one-phonon processes was developed. The theory was so formulated that a direct comparison with the pseudokinematical theory was possible. It utilises present LEED calculations for elastic scattering from a perfect crystal, in particular the Kambe theory and calculations 3 .
Theory
We assume that the diffuse scattering may be handled using perturbation theory methods. This is a rather large assumption and may not be at all justifiable even for thermal diffuse scattering, except perhaps at room temperatures or lower. Nonetheless the assumption is made. The perturbation approach is that used successfully by KAINUMA 4 in his explanation of Kikuchi lines in high-energy electron diffraction. This approach is based on a generalisation of the "reciprocity theorem" 4-6 the results of which may be carried over to the case of low-energy electrons. This reciprocity theorem states that for any two points in space, A and B, and a scatterer P (the crystal), the amplitude at B, of a wave originating from a source at A and scattered by P is equal to the scattered amplitude at A, <?(rA), due to the same source placed at B; that is ^(rA) =j£(rB). If the point A is very far from the crystal <Z>(r) can be assumed to be a plane wave when it falls on the crystal and thus ^(rg) may be calculated using a dynamical theory of diffraction suitable for low-energy electrons, in our case the Kambe theory 3 . For the situation where the source B in the crystal is no longer a point source we have 4 ' 5 
This expression results from a Taylor's expansion of the crystal potential V(r,R).
Here R represents the set of vectors Ri = RIQ + Ui, where R/o is the position vector of the equilibrium position of the /-th atom and Ui is its displacement from this equilibrium position. The state functions n and 0 signify the n-th excited state of the crystal and the initial state respectively. Because the energy loss in one-phonon inelastic processes may be considered negligibly small compared with the initial energy of the incident electron, £>0 and <Z>" are both solutions of the Schroedinger equation
and satisfy the same type of boundary conditions. The symbol R0 represents the set of vectors Rw, and E is the electron energy. The potential function V(r,R0), the zeroth term in the Taylor's series expansion of the actual potential, is assumed in this theory to conform to the "muffin-tin" model 3 for a perfect crystal. In this model the crystal is divided into separate spherical regions, in each of which an atom is represented by a spherically symmetric potential. The space between these spherical regions is assumed to be one of constant potential. The boundary conditions are those for a wave incident on a crystal which is then scattered within the crystal leading to reflected and transmitted waves. The intensity diffusely scattered into direction fc', resulting from inelastic scattering of the incident wave, wave vector fc, may thus be written
The brackets ( ) mean thermal average with respect to the motion of the atoms and the matrix element M(k\ fc) is defined by
The superscripts of ( P0 indicate the boundary conditions appropriate for a wave incident on the crystal with wave vector k or -fc'. If the diffuse scattering is observed in a direction fc' the "reciprocalwave" is incident on the crystal with wave vector -fc' (Fig. 1) . Fig. 1 . The boundary conditions for the incident wave, the outgoing wave and the "reciprocal wave".
Evaluation of the Matrix Element M(fc', fc)

If we write the potential function V(r,R) as V(r,R)
= 2®(r-Rj) -the Nordheim modeli then the interaction operator 2tti-[VHIF(r,R)]nI-*I" (3.1) i occurring in the expression (2.6) for the matrix element M (k',k) may be rewritten as
The crystal, which is assumed infinite in the x, yplane parallel to its surface and finite in the z-direction normal to this surface, is divided into "columns of reference" 3 -columns parallel to the z-axis, whose cross-section is a unit cell of the two-dimensional lattice. We define the vector R,0 as R,0 = RLO + Rro , where the Ri (see Ref. 7 ) are two-dimensional lattice vectors in the plane parallel to the crystal surface and as such refer to a particular column, and the Rc are the positions of the various atoms within such a column.
We may thus write the matrix element M(fc', fc)
where the vector Q is given bv Q = fc -fc' and S c by
The dependence of the matrix element on a particular column of reference is included in the phase factor expjfQ'Rjr} . This separation results from the translational symmetry of the wave functions and potential parallel to the crystal surface.
In order to use a result from group theory we define a special coordinate system in which the components (the so-called spherical components of a vector) are described in terms of their cartesian components in the following manner: Thus we may write
sphere c
There is no contribution to the matrix element from the region outside the spheres since the potential is here constant and its gradient thus vanishes.
Multiplying the Schroedinger equation for the wave function from the left with the operator X7ß we obtain, after rearrangement, an expression for the quantity \7ßv(pc) <I> k occurring in the defining Eq. (3.7) for 8 . Thus we may write together with the expression for \/ßv < P k we may rewrite 9 the expression (3.7) for the integral as S£= / V (<£-*'V(V, <£*') (3.9)
Using the divergence theorem this volume integral is reduced to a surface integral over the sphere c, 
11b)
Im where the vector p c = (@c , , <pc) = (Qc, pc) is the displacement of the electron from the centre of the c-th atom; that is, pc = r -Rc . The surface integral Smay now be rewritten as
where Rs is the radius of the sphere c and dQc is the element of solid angle.
be written as
We may now evaluate the integral over solid angle in this expression (3.12) for S1 by application of a result of the Wigner-Eckart theorem (factorisation of the matrix elements of Tensor operators) . The immediate application of this theorem follows from the special form of the coordinate system used in these calculations 10, n .
The result obtained is 
Here d is the Kronecker-delta symbol and the constant
(3.14)
We wish now to find expressions for the Xim . The solution of the wave equation in the space just outside the c-th spherical region, which in the muffin-tin model is a region of constant potential, consists of a sum of plane waves, each having the same energy. These plane waves may be considered to scatter from the spherical potential c. For a single plane wave incident upon atom c XtZi =4<Jti l Y*m(k) (hikr)
For a sum of plane waves 12 incident upon atom c In these expressions the ji are the spherical Bessel functions of Z-th order and the first kind, the hj those of the Z-th order and 3rd kind, and the df are the reduced atomic phase shifts. These phase shifts 3 , defined within the range -n/2 to nj2, characterise the scattering properties of the c-th atom. For low energy electrons only the first few <51 are non-zero.
Use of these expressions for the Xim, (d/dr) Xim in the expression (3.12) for gives us the result. In this approximation the S£ reduce to (Appendix B)
S°,=
where (3.20)
is the exact atomic scattering factor.
Kambe in his theory of elastic scattering 3 for LEED defines a quantity xim, given by the relation-
where Xim is as previously defined. In terms of the B!m defined above we may then write 13
After rearrangement the expression (3.18) for S^ may thus be written as 14 
In the pseudokinematical approximation this reduces to
which is the Avell-known pseudokinematical result, normally obtained without explicit recourse to perturbation theory methods 1 .
The Correlation Function
We may rewrite the expression for the thermal diffuse intensity as where t 2 = qf + q 2 , and qx and q 2 are defined [through A iQx + qJ and A {Q y + q.2) ] 18 as the components of the displacement of the tip of the Q-vector away from the nearest reciprocal lattice rod in the x-and ^/-directions respectively. This expression contains contributions to the correlation from all phonons with q-vector q = (qx, q2, qz), with qz being allowed all possible values (Fig. 2) . The effects of surface modes of vibration are also included in this expression 19 . We assume that this (00) rod expression is valid for temperatures low enough for the perturbation theory to be valid. This assumption is made purely for simplicity in the numerical calculations. The expression for the thermal diffuse intensity may thus be written as 
Discussion and Numerical Results
On the basis of this reciprocity theorem approach to diffuse scattering resonances in the diffuse scattering are expected whenever the vectors fc or -fc' are such that the geometrical condition
is fulfilled. Here the vector K represents either fc or -fc', and the subscript "f" signifies the tangential component of the vector (with respect to the crystal surface). Here K is simply the modulus of the vector K, and Bt is a vector of the two-dimensional reciprocal lattice.
For the wave vector fc this is the condition that a diffracted elastic wave kt + Bt is propagated parallel to the crystal surface. This is therefore the condition for a "surface-wave" resonance 3 ' 17, 20 . It results in a resonance in the source function for the inelastic waves. For the wave vector -fc', this is the condition for a resonance in the reciprocal wave, of identical nature to that for the case of the wave vector fc. From the reciprocity theorem this means that there exist certain directions of the wave emitted by the internal source for which there appears a wave reflected parallel to the surface of the crystal. The appearance of this wave produces a modification in the emitted wave.
As the origin of these resonance phenomena is essentially due to the multiple scattering within the crystal we expect that multiple scattering expression value for the diffuse intensity to differ from its pseudokinematical value at and around the positions of resonance. The extent of the deviation will depend on the scattering properties of the individual atoms in the crystal. Some simple calculations for the (100) face of copper were carried out to investigate the effect of these resonance phenomena.
We assume the validity of the monolayer approximation in these calculations (for simplicity). rotations of the Faraday cage in the 010-plane are considered.
In Fig. 3 we see the results of such a calculation. At least for Cu the pseudokinematic and exact theories give approximately the same value for the diffuse intensity. The local maximum in the diffuse intensity corresponds to a resonance for the -k' wave amplitude. The structure in the diffuse scattering observed by DE BERSUDER 22, 23 for scattering from the (001) face of Aluminium, and by GERMER and CHANG 24 , and CHANG 25 , for scattering from the (112) surface of Tungsten is probably due to such a -k' resonance. The geometry of this observed structure is as expected for such a resonance.
In Fig. 4 we see that an enhancement of the diffuse intensity occurs as the fc-resonance condition is approached (achieved experimentally by varying the energy of the incident electron, or its incident direction). Geometrically this condition is fulfilled . Thermal diffuse intensity for a multiple scattering theory for energies at and around the position of a A resonance. The diffuse intensity is enhanced when this resonance condition is fulfilled. Non-zero phases to LMAX = 3 were included in this calculation. The upper curve is for £=45.89 eV and the lower curve for £ = 48.19 eV (cf. Fig. 3 ).
when the specular (elastic) diffraction spot coincides with the position of a resonance effect K II (see footnote 23 ). Under such geometrical conditions the elastic scattering also exhibits this enhancement effect. This resonance phenomena for the fc-vector explains the "strong interactions" observed by CHANG 25 and also explains the enhancement effect observed for the total reflected intensity, both diffuse and elastic, by MIYAKE and HAYAKAWA 26 . This effect is completely analogous to the case in reflection-high-energy-electron-diffraction where it is found that the intensity of the specular spot and the reflection pattern as a whole, including the diffuse scattering, is enhanced suddenly when the specular spot crosses a Kikuchi line which runs in a direction oblique with respect to horizontal Kikuchi lines 2 '.
